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HYDRODYNAMICS OF MOBILE BAY AND MISSISSIPPI SCUND
PASS-EXCHANGE STUDIES

Preface

This document contains the results of a mathematical modeling
study of Mobile Bay/East Mississippi Sound. The study was supported
by the Mississippi-Alabama Sea Grant Consortiumunder contract number
MASG-R/ER3 and is complementary to the information contained in
BER Report No. 247-112 (MASG-R/ES4) dated March 1980.

Additionally, this work also satisfies, in part, the degree
requirements for a Master of Science in Chemical Engineering for

John Phillip Jarrell, a graduate research assistant on the project.



ABSTRACT

The purpose of this research is to develop 2
mathematical model of Mobile Bay and East Misgisgsippi
Sound, Alabama capable of describing the hydrodynamics in
Pass aux Herons and Main Pass. The elucidation of the
complex interaction of these passes is necesgssary to further
the knowledge of the Alabama coastal system gained through
previous modeling efforts.

The inadequacies of the existing Mobile Bay models
for the descripiion of pass hydrodynamics necegsitate the
use of a different model. The recently developed WES
Implici% Flooding Model, Version II (WIFM II) iz applied %o
+he Mobile Bay-East Mississippi Sound gystem. This model
is suitable for the indicated purposse because of the
implicit solution format and variable grid size
capabilities which 1t possesses.

Calibration and verification of the model with
available field data is accomplished. The model is
determined to be an effective trend analysis tool for the
study of the pass hydrodynamics on the basis of these

studies.



Parametric studies are then undertaken to determine
the relative effescts of vide range, river flow, and a
conatant wind on Pass aux Herons and Main Pass flows. Tide
range variation produced the most significant effects in
the water %ransport in the passes. Changing river flows
and a constant wind also alter the flow patterns in the

passes.

tilization of WIFM II for the study of the trend
behavior in the passes of Mobile Bay-BEast Missigssippi Sound
is presented. Continued efforts toward field data
collection studies are recommended %o develop this and
oither Mobile Bay models from trend analysis tools to fully
predictive models for the improved management of the

ccastal Alabama system.
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NOMENCLATURE

arbitrary constants defining expansion
coefficients for variable grid of WITHM
on x-axis
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arbitrary constants defining expansion

2 2 — ) : : ;
coefficients for variable grid of WIFM
on y-axis
b = barrisr height

afs = cubis feet per second

ew = gubnic

¢ = Chezy fricticn coefficient

CO = gdmittance ccefficient for water flowing
over a barrier

287 = Central Standard Time

d = n=Dh = total water deptn

d.. = depth of wa%ter over the crest of =2 barrier
e = eddy viscosity coefficient

Ceorislis parameter

H;
;]

i

= exsernal force factor

g = gravitational acceleration
n = still water elevation
hr = hour

Eﬂ - maximum depth of any grid cell

=
=



k = knot

km = kilometer

IWD = Low Water Datum

m = neter

mi = mile

M = WIFM II direction corresponding to x-axis
MIW = Mean Low Water

MP = Main Pass

MSL = Mean Sea Level.

n = Manning friction factor

N = WIFM IT direction corresponding to y-axis
ppt = parts per thousand

P = pressure

Paﬁ = Pags aux Herons

QN = normal component of waiter transport
R = rate of water agcumulation

sec = second

sq = square

t = Time

u = velocity in x~direction

U = flow per unit width in M-direction

v = velocity in y-direction

V.= flow per unit width in N-direction
w = velocity in z-direction

WES = Waterways Experiment Station

WIFM IT = WES Implicit Flooding Mocdel Version II

vili



y, 2 = Cartesian ccordinate system axes

= WIFM II computational space dimension of x-axis

I

WITM II computational space dimension of y-axis

"

spatial step size

time step size
= height of water defining a wet or dry cell
= surface water elevation relative to h

= gsurface water elevation corresponding to atmospheric
pressure

viscosity

density

i
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CEAPTER I
INTRODUCTICN

The principal components of estuarine Alabama are
Mobile Bay, .4the Mobile River delta, and Mississippi Sound
east of Petit Bois Island, Figure 1. These bodies of water

re separated from the Gulf of Mexicc by barrier islands.

W

Thig coastal region also possesses large areas of salt
marsh sonsistent with estuarine systems. The system has
been a valuable resource since the astablishment of the
Port of Mobile in %he early 1700s. Several man-made

nodifications dating from the 1820s, when channels were

[« N
b |
b

dged so fecilitate waterborne transportation, have
s®facted water movement and circulation paiterns in the
Bay. These changes, providing deep-water access Irom the
Bay %o 3he Gulf, have led %o the continued development of
many indusiries in the area.

Mobile Harbor and the Gulf Intracocastal Waterway
sspve as avenues for over 60 aillion <ons of commercial
freight traffic yearly (1). CThe commercial seafood
industry is vital to the economy 5I the coast with nearly
25 pillion pounds of seafood landed in Alabama valued az

aover 33 =miliicn dolla in 4976 (2}. The area 2lso
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supports many recreational activities typical of a coastal
zone. 1In addition, estuarine Alabama provides many unique
habitats for wildlife, some of which are endangered
species. Chermock and LaMoreaux (4) state that the salt
marshes are particularly delicate ecological systems whose
importance is only recently being fully realized. The
mutual coexistence and prosperity of these diverse
interests in coastal Alabama depend upon the wise
management of the estuarine systenm.

The first step in the efficient use of such a system
i5 the elucidation of the water circulation patterns of the
area. The understanding of estuarine hydrodynamics
provides insight into the impact of man-made or natural
changes to the system. Numerical models of estuarine
systems such as coastal Alabama have been increasingly used
as tools for deseribing hydrodynamic patterns. These
models consist of mathematical representations of the laws
of conservation, mass, and energy. Solution of the
resulting equations by high-speed computer can greatly
extend the data base for a system, provided the model is
properly applied and suitably verified with field data
(5-10).

A two-dimensional, depth-averaged model was developed
and applied to Mobile Bay by Hill (11) to describe the
nydrodynamic and salinity patternus within Mobile Bay

proper. This work was extended by other researchers to



simulate non-conservative and conservaiive species
transport, and tne impact of river flooding and storm
surges in the Bay (3,12-14). 1In all cases the studies were
limited %to Mobile Bay and excluded the waters of Fast
Misgissippi Sound.

Recent field data collection studies by Schroeder
(15) and Eleuterius (16) indicate that water from Mobile
Bay flowing through Pass aux Herons has a large impact on
the hydrodynamic behavior of IZast Mississippi Sound. This
is due to the large fresh water inflow from <The Mobile
River to Mobile Bay, coupled with the lack of direct fresh
water input to East Mississippi Sound from surrounding land
masges. The intrusion of salt water from the Main Pass
into Mobile Bay and from Petit Bois Pass into East
Mississippi Sound further affects the behavior of East
Mississippi Sound and Mobile Bay. Because of the
interaction of Bast Migsissippi Sound and Mobile Bay, the
transpor+t of water through the passes is one of the
controlling factors influencing the physical, chemical, and
biological environment c¢f the area.

This study propoges to apply a recently developed
nuperical model, the Waterways Experiment Station Implicit
Flooding Model Version II (WIFM II), formulated by the U.S.
Army Corps of Engineers at the Waterways Experiment

tation, Vicksburg, Mississippi (17), to the Mobile

Bay-East Mississippi Sound system. The nodel has features



including veriable grid size and implicit solution format
which facilitate its use for pass-exchange study. The
purpose of this work is 10 extend the knowledge gained from
previous studies to include the description of the exchange
of water through the passes. The continued investigation,
systematic development, and application of mathematical
models from Mobile Bay to East Mississippi Sound and
gurrounding areas are essential to the proper management of

thegse resources.



CHAPTER II

BACKGRQUND

Study Area

Mobile Bay

Mobils Bay is the terminus of the Mobile River
system, with the fourth largest flow rate of the rivers in
the United States. The Bay is a pear-shaped estuary about
49 ¥m {31 mi) long from the Main Pass, Figure 1, to She
Mobile Delba a2t its northern end. The width varies from 12
km (8 mi) at the northern end to 37 km (23 mi) between Pass
aux Herons and the eastern shore of Bon Secour Bay. The
principal source of fresh water to the area is the Mobile
River system. The Bay has a surface area cf about 1000 sq
km (390 eq mi) and a volume of %.48 billion cu m (122
billion cu ft). The Bay is shallow, with an average depth
of 3 m (9 ft), except for the Mobile Ship Channel. The
channel is 47 km (29 mi) long by 120 m (400 ft} wide with a
controlling depth of 11.3 m (37 £t). Hellinger's Island
Chennel in the northwest Bay is maintained at a controlling
depth of 3.1 m (10 ft). The Bay is separated from the Gulf
of Mexico by Fort Morgan Peninsula to the southeast and

Dauphin Island toc the southwest. The .4 km (4.1 m) wide



Main Pass connects Mobile Bay to the Gulf of Mexico between
these barriers.

East Mississippl Sound

The coastal Alabama portion of Mississippi Sound
extends 26 ¥m (16 mi) from the Mississippi-Alabama state
line eastward to Pass aux Herons. ZEast Mississippi Sound
is 19 km {12 mi) at its widest point along the state line.
The surface area is 38 sq km (!4 sq mi) with a volume of
1.16 billion cu m (40.8 billion cu ft). The average deptn
is 3.1 m (10 £t). Pass aux Herons, including the dredged
Intracoastal Channel, connects the Bay and the Sound
through & 3.1 km (1.9 mi) wide opening. Petit Bois Pass
opens %o the Gulf of Mexico from Fast Missisgippi Sound and

is 8.2 xm (5.1 mi) wide.

Passes
Main Pass

The Main Pass is the opening through which most of
the salt water enters the Bay from the Gulf via tidal
action. West Main Pass is fairly shallow, with depths
ranging from 1.2 m (4 f%t) %0 3 m (10 ft), for a distance of
4.0 km (2.5 mi) along a line from Pelican Point on Dauphin
Tsland to Mobile Point on Fort Morgan Peninsula. ZEast Main
Pass, the remaining 2.4 km {1.5 mi) along this line, slopes
sharply to a depth of 13.7 m (45 £t) at the Main Channel

(18,19). Because of the greater depths in East Main Pass,



most of the flow occurs here during the tidal cycle.
Schroeder (20), in field data collection studies conducted
during 1973%-6, showed maximum velocities in West Main Pass
to be 1.4 k during flood tide and 1.8 k during ebb tide.
Current speeds from 0.6-1.0 k were noted in over 40% of the
observations for West Main Pass. In East Main Pass maximunm
surface and bottom current speeds were 1.9 k during ebbd
tide. During flood tide maximum velocities of 2.4 k and

1.9 k were noted for surface and botton, respectively.

Petit Bois Pass

Fast Mississippi Sound opens to the Gulf via Petit
Bois Pass. The pass is 8.2 km (5.1 mi) wide, with a
paximum depth of 3.7 km {12 f£t), just off the wesiern end
of Dauphin Island. Little field work has been done to
characterize the flows between East Mississippil Sound and
Petit Bois Pass. <ZTleuterius (16) stated that the flow from
Mobile Bay enters East Mississippi Sound mainly through
Pase sux Herons and exits entirely through Petit Bois
Pass. He also stated that flows from the Pascagoula River
are deflected westward or flow directly out to the Gulf
through Horn Island Pass or Dog Keys Pass to the west.
These facts leave Mobile Bay as a controlling factor in

determining the hydrography of East Mississippi Sound.

Pass aux Herons

The most current, detailed description of the



bathymetry in this area exists in a study of the oyster
resources of Alabama by May in 1971 (21). It should be
noted however that this area underwent gignificant changes
due to the impact of Hurricane Frederic in September 13980.
T™is study utilizes the data presented by May {21) and a
Mobile Bay nautical chart (18) and is therefore limited %o
describing conditions in Pass aux Herons before the
hurricane. With the acquisition of new bathymetric data
for the pass, the study can be extended to show the changes
in flow regime caused by the hurricane.

The interaction of Mobile Bay and East Mississippi
Sound show Pass aux Herons to be important to the
understanding of these bodies of water. According to May
(21), Pass aux Herons is abﬁut 3.1 km (1.9 mi) wide along a
1ine between Ceder Point and North Point of Little Dauphin
Island. The majority of the pass is shallow with depths
ranging from O-1.2 km (4 £t). The area contains Cecar
Point Reef, a productive oyster reef, some gections of
which are exposed at sufficiently low tides. The Gulf
Intracoastal Channel, dredged through Pass aux Herons, has
a controlling depth of 3.7 m {12 £t). Dauphin Island
Bridge connected the mainland %o Dauphin Island before
being desiroyed by Hurricane Frederic. The bridge is
currently being rebuils.

Sehroeder {15) conducted a field study to determine

the effects of the 1973 flood of the Mobile River system on
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lower Mobile Bay and EBast Mississippi Sound. He noted that
Tast Mississippi Sound does not receive any direct fresh
water flow and is dependent on Mobile Bay for fresh water
input. As previously stated, Eleuterius (16) also noted

the interaction of Mobile Bay and East Mississippil Sound.

Effect of Pass Exchange on Jyster Productivity

An example of the importance of the hydrodynamics of
Pass aux Herons and the effects of man's activities is
illustrated by the investigation of the oyster productivity
in the area. May (22) examined the effects of channel
iredging, sedimentation, salinity, predators, and other
factors, on the oyster population in Mobile Bay and East
Mississippi Sound. He noted that Pass aux Herons was
dredged through productive oyster bottom for the
construction of Dauphin Island Bridge. This action
destroyed or altered an unknown amount of the bottom.
Silting was noted to kill spat (larval oysters) in East
Mississippi Sound in 1969. These direct effects, however,
were found to be less important than the changes in
salinity and current patterns caused by dredging and spoil
deposition.

The salinity of the waters inhabited by oysters
affects their survival in a number of ways. May (23) noted
the mortality of oyster spat caused by periods of low

galinity. Lower than normal galinity in lower Mobile Bay



and Zzst Mississippl Sound was caused oy £floo
Mobile River syssem as reported by Schroeder
(22). 1% was observed that while mortality rates of up ©0
100% can occur during floods, these effects may Dde, by
low-salinity water, overshadowed by the deterrence of

disease and predatcrs of the oyster.

1

mhe abundance of %he mos% serious cyster predator in

Alabama, the oyster drill {(Thais haemostcma), i3 directly

:elated to salinity. The drill is prevalen® in waters of
salinity higher than 20 ppt. The density of the drill
ranges from O in lower s2linity portions of upper Mobile
Bay to nearly 3 per sq m in Bast Mississippi Sound. UJyster
mersality rates of 80-90% in lower Mobile Bay and Zast
isgigsippi Sound have been avtributed <o the drill by Hay
(22). Hoese et al. (24) determined the settling of spat To
pe 200 per sq m per day in East Mississippl Sound compared
to 5 per sg m per day east of Pass aux Herons in 1967. The
nigher settling rate in Bast Mississippi Sound 4id nct
favor survival, however, because cf the increas=4 drill
predation due o high salinisy.
May (22) further cited evidence that Portersville Bay

in East Mississippi Sound once supported oysters in

abundance. The area is now unfit for oyster growth due vo

changes leazding %0 increased salinisy. The higher salinivy
was attributed partly to the westward migration of Peidid
Bois Island, which resulted in the increased widsh of ZTetit
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Bois Pass. This allows Gulf water to penetratve further into
Tast Mississippi Sound. Chermock and LaMoreaux (4)
mentioned that the construction of the Dauphin Island
Bridge could be responsible for restricting water exchange
between Mobile Bay and East Mississippi Sound. The
restricted flow would contribute to increased salinity in
the area.

Since the salinity regime in East Mississippl Sound
is a direct function of the pass exchange between Eas?t
Mississippi Sound and Mobile Bay, the deseription of this
exchange would be advantageous. 3Better understanding of
the pass hydrodynamics could give insight intc design
parameters affecting optimum utilization of this vital

natural resource for the benefit of all Alabamians.

Methods for Studying Estuarine Hydrodynamics

Field data

Due to the complexity and dynamic behavior of
estuarine systems, field-data studies are limited in thelir
ability %o descride the water btodies. In order to
adequately relate the interactions among parts of the
system, such as pass exchange, many sampling stations must
be simultaneously monitored. Large expenditures must be
made to provide the research vessels and man-hours
necessary. Bad weather conditions can unpredictably

disrupt a field survey. Mathematical and physical models



13

of estuarine systems are not subject to these probtlems and
can extend limited field data.
Models

Models attempt to represent the real system under
study. An acceptable model must be able to accurately
describe specific responses to variations in systen
parameters. The suitability of a model for a particular
application is shown through calibration and verification
procedures. The model is calibrated by first applying 1%,
within certain limitations, to the study system. The model
variables must then be manipulated so as to best describe
the system with all its attendant idiosyncrasies. Once the
system seems to be adequately described within the model
framework, it must be verified. Verification is
established by the use of sound field data to show that
model results can, in fact, describe system behavior over a
wide variation in conditions. Unacceptable results at this
stage lead to recalibration of the model, collection of
additional field data, or the utilization of =2 different

model. All models must satisfy these basic elements to be

useful.

Physical models
Snallow estuaries have been represented by several
types of models, including physical and mathematical

mcdels. A physical model is an imitation of the real



systesm scaled accordiing %o *tue lawg oF dynamic sizilicude.
™ege models nave she advantage of visually dzpicting tne
circulation pasterns of the systen under study. *tae
affectg of various input conditions such as tide =2lava
and river flow can be studied. Maach et al. noted (25
nowever, that it is rarely possible to sa%isfy all thne
zcaling criteria sizultaneously.

"he modeling cf a shallow estuary is =2 oroblem of
free aurface Tlow in which gravitational and inertizl

de number,

“

farces are iaportant. The squality ol ke Fro
<hien is the ratio of these forces, in tne nodel and %tne
protosype System is theresfore “he ncdeling criterion.

After egtablishing a suitable linear ratio petween the mod=l
and prototype, the ratics of the area, volume, v2Ll0City,
£low rate, &%tC., are determinad.

Visaous and diffusional forces may 2150 be iaportans
in the model of a tidal sstuary. These forces caanot be
held in proporticn between the aod2l and %he protosype if
the madel is duilt according to Froude similarifty. The

orizontal

g

vartical acals aust be much larger than tne

2.

[

alz ¢ ccapensass for the viscous forces. The boituom
roughness elsmenis, usually simulased by metal strips
adjusted o rsproduce prototype dafta, must e dissorsed as
well. Because of thess necessary distortions, a paysical

modsl cannot Pe expected to simulsanecus

processes which are gravisationally influsncsed, 2nd tnose
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more related to frictional forces. 3urface wind condizions
also cannot ve represensed with a ohysical wmodel.

Another limitation of physical models of sstuaries 1is
their high construction and operation costs. A physical
model of Mobile Bay exists at the Waterways Experiment
Station in Vicksburg, Mississippi (26). The model was
built in 1973 at a cost of $1,000,000 (12), a large

investment compared to the benefits derived Irom the model.

Mathematical models

The mathematical model is a functional representation
of the real system in a form that can be solved using
nathematical methods. With the development of high-speed
digital computers, finite-difference methods for solving
the partial differential equations describing the systen
have been widely used. Hydrodynamic models for simulation
of estuarine and coastal systems are based on some form o3
the equations of continuity and momenium. The models, many
of which are reviewed in the literature (5-10), use 2
variety of solution fechniques for These eguations.
Mathematical models have been applied to Mobile Bay for the
investigation of hydrodynamic and salinity profiles,
conservative and non-conservative mass transport, the
effects of river flooding and storm surges, and the
description of the salinity profiles in the Main Pass area

during flooding of the Mobile River systenm (3,11=14).



Jse of Mathematical Models in Mobils Bay

Hydrodynamics and salinity

i1l (11) adapted and applied a form of the
Reid-Bodine numerical model to Mobile Bay. The model was
nased on the depth—averaged, two-dimensional equations of
change. The model used an explicitly solved, finite-
difference form of the equations, including terus for
Coriolis forces and advective acceleration. The model
represented the Bay using a congtant size grid, Figure 2,
and yielded tide elevations, current patterns, and salinity
distribution profiles. After calidbration and verificavion,
the model was used to predict changss in output parameters
caused by varying input condltions. The inputs consisted
of wind field, river flow rates, and other parameters
peculiar to this model. The gimulation of the intrusion of
salt water (known as the salt wedge) into lower Mobile Bay
was effected on the two-dimensional format of the model.

Non-conservative
gpecies transport

A non-conservative-species transport model was
develcped by Liu (12) for the simulation of coliform
bacteria loading in the Bay. The two-dimensional surface
nodel used the hydrodynamic and salinity model of Hill (11}
to provide basic current and dispersion-coefficient data.
These data were necessary for simulating non-conservative

species %ransport. A die-off rate constant based on water
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temperature was used for the bacteria. The model provided
monthly-averaged coliform bacteria concentrations
corresponding to the data base used for verification. A
parametric study was undertaken %o determine the effects of
changing river flows, wind ?ield, coliform-loading
concentration, and water temperature on coliform bacteria

distribution in the Bay.

Sedimentation study

Jediment transportation in Moblle Bay was studied by
Ng (13) using the hydrodynamic model of Hill (11). The
study used LANDSAT-1 satellite images of Mobile Bay,
coupled with the model, to egtablish a correlation between
observed turbidity patterns, river-flow rates, and wind
conditions. Varying degrees of success were attained in
predicting sediment tranaportation depending on the wind
and river-flow conditions imposed.

Bffects of river flooding
and storm surges

Hu {14) studied the effects of river flooding and
storm surges on Mobile Bay. The gtudy involved the use of
a modified form of Hill's model (11). The effects of
flooding and storm surge on salinity regimes, tide
elevations, and velocities within the Bay were gsimulated.
The study used the open-coast model of Wanstrath (27) to

obtain a storm-surge aydrograpn for input into the model.



April es al. (3) later appliad this mcdel <0 tne
description of %the salinisy profile as Main Pass during
flooding of the Yobile River. The nyirodynamic model was
exerciged to provide the basic velocity data %o drive she
salinity model. Salinity profiles at <he Main Pass wsre
reproduced in this manner.

Limitations of Existing Mobile Bay Models
7or Pass—excnange Study

Thegse applications of numerical models in Mobile Z2ay
showed the variety of information which can he abtained
spom their use. However, these studies were in all cases
1imited to Mobile Bay itself, with no inclusion of Jass
Misgissippi Scund. The inclusion of Bast Mississippi Sound
ia impeortant to the more complete understanding of Ihe
Mcbile Ray-Bast Mississippi Sound interaction.

The previous studies in Mobile Bay all used the
hydrodynamic model of Hill (11) as a basis. This model was
datermined to be %too restrictive for the detailed
degcription of pass exchange beltween the Bay and Zast
Mizsissippi Sound. A grid size small enough %0 provide tne
needed detail of the passes caused sevsre provblems with
sclution s+tability and excessive computer time requirements.

The grid system of Fill (11!) used a 2 km gril sizsz
with 798 cells representing Modils Bay, Figure 2. This
region included only that poriion of Zast Missizssippi Scund

4 km west of Pass aux Herons. A 2 xm grid size resulted In



just over one cell encompassiag the en%ire pass. For any
detailed descriotion of the pass excnange, this was
obvicusly *%co coarse a grid mesn.

Reduction of the grid size was not fe2agidle. Any
reduction in grid size must be made uniZoramly over the
entire model area. Decreasing the grid size by a factor of
four, %0 0.5 km {a more reascnable scals for the pass),
resulted in 12,768 cells for the entire 3ay area. Much
larger computer zmemory requirement3 werse imposed by sShis
increase in number of grid cells. The stability criferion
of the explicitly solved, finite-difference form of *the
equations used by Hill’'s model (11) required the ftime st2D
o ve decreased wisn tne grid size. TPFor a stable solution

the “ime increment must satisfy the following inequality:

1. At<_‘&_s__._,_

QgHmaxj=§
Thus the time stsp must then be decreased from 120 secocnds,
as used by FIill, to 30 seconds. The increased computer
time necessary to effect a solution under tnese conditions
was significant and costly. In light of these facts, 2
diffaren% model was used in this study to circumvent these

problens.
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Reasons for Use of WIFPM II Model

This study used the two-dimensional, depth-averaged
Waterways Experiment Station Implicit Flooding Model,
Version II (WIFM II), developed at the U.S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi (17).
This model had several features not available in Hill's
model (11). The variable-grid capability and implicit
solution scheme were especially important %o the

pags-exchange study.

Variable grid

WIFM II allowed the grid size to smoothly vary from
small increments to much larger increments in either of the
two spatial dimensions. This enabled the use of a small
mesh in complex, rapidly changing areas such ag the
passes. The mesh size could be expanded in large areas of
fairly constant bathymeiry such as in Bon Secour Bay. Thus
the model provided for both the spatial accuracy necessary
for pass description and, in appropiate regions, the
savings in computer requirements resulting from a coarse

grid mesh.

Implicit solution technigue

Another factor weighing in the selection of this
model was the use of an implicit solution technique for the
finite-difference equations. The implicit formulation was

unconditionally stable, providing a great computational
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advantage over the explicit technigue. This fact allowed a
choice of a time step based on the time scale of the
physical phenomena simulated. The implicit formulation has
produced reductions in cost per simulation by as much as a
factor of 15 over explicit formulations (28). These
factors showed WIFM II to be much more suitable for the

present study than the existing model of Mobile Bay.

Objectives of Study

It is proposed in this study to investigate the water
transport in the Pass aux Herons area of coastal Alabama.
This area has been shown +0o be critical in the behavior of
Tast Mississippi Sound, a water body rich in oyster growing
potential and in natural habitat. The interaction of Pass
aux Herons and Main Pass will be investigated to determine
the effects of this interaction on the hydrodynamics of the

Pass aux Herons area.

The method to be used %o study this interaction will
involve the use of = mathematical representation of the
system. Although many studies of Mobile Bay using
mathematical modeling have been made (3,11-14), there is no
detailed description of this critical pass-exchange
behavior reported. Field-data surveys by Schroeder (15) and
Eleuterius (16) indicate the importance of %this area to the
cozstal environment and provide a basis from which a

detailed study can be made. Specifically, this gtudy will:
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1. Apply the equations of change describing water
movement and elevation to the Mobile Bay-East
Missigssippi Scund area

2. Solve these equations, after suitable simplification,
using a two-dimensional, implicitly defined numerical
model (WIFM II)

3, Calibrate and verify *the model with available field
data from the area

4. Analyze the interactions that occur between Mobile Bay
and East Mississippi Sound through Pass aux Herons

under a wide range of conditions

Successful completion of these objectives will provide a
much needed source of knowledge about this system upon

which sound decisions can be made concerning its use.



CHAPTER III

DESCRIPTION OF WIFM II

General Eguations

The hydrodynamic equations used in WIFM II were
derived ‘rom Lthe continuisy equation and the Navier-Stokes

equations of momensum:
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The equations were integrated Irom sea botiom U0

wa=er surface resulting in the two-dimensional form of <he

equations of ccntinuity and mcmentum:
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Por & detailed derivation see Leeniertse (29).
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Assumptions and Limitations of WIFM II

WIPM II was derived with the following assumptions:

1. The advective and momentum-flux terms may be omitted
from the general two-dimensional equations of change
(7-8 above) with negligible effect on the results

2. The fluid is homogeneous and incompressible

3. The horizontal flows are reasonably unifora from
surface 4o bottom (i.e. accelerations in the vertical
direction are negligibly small)

4. The depth of the water is small compared to the

wavelength of of the tidal forcing function

The first assumption was necessary due %0
mathematical instabilities in the solution of the
implicitly formed equations if these terms were included.
When formulating the equations for the impliciw,
finite-difference method, Roache {30) reported that the
presence of the non-linear advective terms (second and
third terms of the momentumr equations) caused mathematical
jnstabilities which rendered the solution meaningless. The
last terms of the momentum equations represent the
internal-stress resultants due to turbulent and dispersive
momentum flux. The terms provide a means of dissipating
wave energy with a wavelength on %the order of ftwice the
spatial step size. Since this energy is transmitted by the

advective terms, the flux terms were also omitted (17} .
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Masch et al. (25) developed an explicit numerical
model and studied the effects of the advective terms on
computed tidal elevations and velocities. The model was
exercised in a simplified one-dimensional, shallow estuary
with and without the advective terms. The effects of these
terms were obkserved to be negligibly small.

Rather than omitting the flux terms outright, they
were included in an overall energy-gradient term. The
gradient terms were used to derive expressions for bottom
friction and wind stress. The resulting equations were the
same as those used in WIFM II.

Hill (11) assessed the effects of the advective terms
in the Mobile Bay model. The model was exercised with and
without the advective terms while maintaining all other
parameters constant. Tidal elevations showed a slight
effect from the cmission of the advective terms. 1In all
cases the phase of the tidal curves remained virtually
unchanged. The only change noted was that the elevations at
low tide were approximately 0.1 ft (about 4%) lower when
the advective terms were omitted. A much more significant
effect was noted in the salinity model results. This was
to be expected due to the important role of advectien in
mass transport.

Since this study was limited to hydrodynamic
simulation only, use of the WIFM II model with the

advective terms omitted was made in a first attempt for
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describing pass exchange. The determination of the
significance of the advective terms in estuarine modeling
is an area of continued study (17).

The remaining assumptions are satiafied in shallow,
well-mixed estuaries. Mobile Bay and East Mississippi
Sound Tit this criterion well except in the ship channels
and in East Main Pass. The intrusion of a wedge of saline
water from the Gulf into the ship channel and East Main
Pags, with the resultant stratification of the water
coluamn, is well documented. A two—dimensional model cannot
reproduce the variation of current velocity with depth,
which is found in these regions. The model gives a
representation of the net flows over the depth in a
stratified water column, instead. The relatively small
size of the ship channel in comparison to the width of the
Bay and the successful use of the two-dimensional model of
Eill (11) to simulate the occurence of the salt wedge in
lower Mobile Bay, led to the conclusion that the use of a
two-dimensional, depth-averaged model such as WIPM II was
justified in this study. It should be realized, however,
that the model gives a representation of the net flows in
the ship channels and East Main Pass end not the actual

velocity profile as a function of depth in these areas.
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Variable-grid 3Zquavions

As previously stated, WIFM II had the capability ol
incorporating 2 continucusly varying grid o the system.
4 piecewise-reversible transformation was used Tc map the
real space of the system intc the computational space of

WIFM II. The transforma%ion is of the form:

10. v as + bzag

whers a, b, and ¢ are arbifrary constants. The consftants
were fit such fthat the function and the first derivative ol
<he spacing of the variable grid were continuous. This
scheme removed many difficulties asscciated with variable-
grid models (17). An interactive program was used to map
real space into computational space for WIFM I7I.

Omitting the advective and momentum flux terms fron
equations 7-8 and applying the variable grid egquavions
yielded a modified form of the two-dimensional equations of

momentum and continuity:
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Alternating-Direction, Implicit Formulation

These eguations were cast in finite-difference form
using a space-staggered grid defining flows and water
levels at different points, Pigure 3. A multi-operational,
alternating-direction, implicit technique, first developed
by Leendertse (29), was used to develop a computational
algorithm. Computations were performed in two cycles. 1In
the first cycle, n and U were computed implicitly along a
grid line parallel to the x axis. 4 centered-difference
operator was applied to the momentum and continuity
equations (11-13). This resulted in a systen of linear
algebraic equations whose coefficient matrix was
tridiagonal. The matrix was solved mosi economically by a
seties of recursion formulas. Each grid line was solved
until a2ll the columns were computed. The second cycle
solved for ¢ and V implicitly along grid lines parallel to
the y axis in a similar treatment. For a detailed

derivation see Butler (17) and Leendertse (29).

Boundary Conditions

The boundary conditions available to the model were
of three general types: open boundaries, water-land

boundaries, and subgrid boundaries.

Open boundaries

These were the seaward boundaries fterminating the

computational grid, or channels exiting the grid at any
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point in the system. Water levels corresponding teo tidal
cycles or storm surges were specified as functions of
location and time. Flow rates could also be prescribed o

aimulate river inputs to the system.

Water-land boundaries

The usual condition for these boundaries was that of
no flow in %he direction perpendicular to the boundary. In
other words, U or V was set to zero at the appropriate cell
face. In addition, the model permitted flooding and drying
of low-lying land areas. This was accomplished by checking
water levels in cells adjacent to land cells. The land-
cell face was opened to flow when the water level in the
adjacent cell reached a prescribed height. The cell could
dry in the inverse manner, Figure 4. The flooding
capability permitted a realistic representation of the
movement of water across low-lying, tidal flood plains and

marsh areas. This boundary treatment was not available in

Hill's model (11).

Subgrid boundaries

These barriers were defined along cell faces and
could be exposed, overtopping, Or submerged. Exposed
barriers imposed a no-flow condition along a cell face.
Submerged barriers were simulated by the use of a
time-dependent frictional coefficient. Overtopping barriers

could alternately bve submerged or exposed, Figure 5.
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were checked in the cells adjacen

Ui

Water lavel
par=~ier. If “he wassr slevation overiopped she oar
water was perzisted to flow %o thz low side acoording =o

%he hroad-crested weir equation:

16- v o= 43 | ;ﬁ

When the barrier became submerged or exposed 1T was treatad

as above. Tiese subgrid boundaries allowed the sigpulation
of features too small to be incorporated into the norma.
~id size. Such Zeasures could include islands, dredgs

spoil banks, jetvies, and others.

External PForces

Wind gtress, gravity, and Coriolis forces were the
ex<ernal Forces included in WIPM II. The model accepted
wind input as constant in direction and speed, variable in
speed and direction as a2 function of time, or variable in
speed and direction as a function space and time. The lass
option required a subroutine which must be developed Lor

each sys=sem being studied.



CHAPTER IV

APPLICATION OF WIFM II TC MOBILE BAY-
EAST MISSISSIPPI SOUND

Development of Variable Grid

Limits of system

The area of Mobile Bay and East Mississippi Sound
chosen for representation by a variable—-size, finite-
difference grid, Figure 6, included Mobile Bay, the Mobile
River delta up to 20.8 ¥xm (12.9 mi) north of the Interstate
10 causeway, Bast Mississippi Sound to 11.2 km (6.9 mi)
west of Dauphin Island Bridge, and the Gulf of Mexico
southward %o 13.7 km (8.5 mi) south of Fort Morgan. This
area was bounded on the east by 87° 45" longitude, on the
west by 88 15' longitude, on the south by 290 oT!
latitude, and on the north by 30° 52' latitude.

The Mobile River delta was included in the model
because of the importance of this area as & capacitance.
The results of experiments with a grid systen extending
northward only to the mouth of the Mobile River proved %o
be inadequate. Reasonable reproduction of available field
data could not be achieved with such a grid.

Schroeder (15) defined the western limit of East

Mississippi Sound as 88° 30' longitude. This area included

37
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Petit Bois Pass and the east end of Petit Bois Island,
Figure 1. The model was not extended %o include this
area. No field data were available at Petit Bois Island
for establishing boundary conditions at this point. Without
accurate boundary conditions based on good field data,
adequate calibration and verfication of the model could not
be attained. For this reason the model was limited o 88’
15' longitude, thus excluding Petit Bois Pass.

The southern boundary was extended to a point in the
Gulf of Mexico so that the depths of the grid cells at the
southern edge of the model did not vary drastically over
the range of the boundary. This permitted the complex
bathymetry of the Main Pass area to be represented by the

model.

Description of variable grid

Grid cell size

All field data, nautical chart measurements (18), and

Tide Tables (31) predictions were given in the English

gystem of units. The English system was therefore used in
all the model studies to facilitate the comparison of field
data and model results.

The grid, Figure 7, used for the model of Mobile
Bay-East Mississippi Sound was developed with the aid of
the Mobile Bay nautical chart (18). The chart scale was

1:80000. A variable grid was mapped based on & minimum
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grid-cell dimension of 0.25 in on the chart. This value
corresponds to 1666.7 ft of prototype distance. The
dimensions of the resulting grid were 45 by 52 cells or
2340 cells. The computer memory requirements for this
application of WIFM II on the UNIVAC 1100/61 computer
system at The University of Alabama was 21,504 words of
pemory. After mapping the grigd, it was overlaid on the
chart in order %o assign boundaries, depths, and Manning

coefficients for each cell.

The smallest cells were used in Pass aux Heroms and
Main Pass, Figures 8-9. Greater regsolution was needed in
these areas to represent their complexity and to gtudy the
hydrodynamics of these areas in detail. Large cells were
used in regions of relatively constant bathymetry. These
regions were Bon Secour Bay, the Gulf of Mexico bdoundary,
and upper Mobile Bay. Relatively large cells were also used
in the Mobile River delta although this region 1s more
intricate than anywhere else in the model area. The Mobile
River delta was included for its capability to dissipate
water from a constant river flow and an incoming tide in a
manner similar to the actual marsh. The model was not

intended to describe the delta in detail.

Boundaries

The shore line of the system was defined as closely

as possible within the grid framework, Figure 6. Features
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Figure 8.

Flow Calculétions
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too small to be represented within the grid were described by
exposed subgrid barriers. Point Clear, Sand Island, part
of Dauphin Island, and some of the islands at the mouth of
the Mobile River delta were represented by subgrid bvarriers.
Tide—elevation boundary conditions were specified at
+ne Gulf of Mexico boundary and the East Missigsippi Sound
boundary. River-flow boundary conditions were specified
far the Mobile and Tensaw Rivers. River flows were not
included for Dog River, Fowl River, or any of the othner
small rivers emptying into the model region. The flows
from thase rivers are insignificant with respect %c <he
overali nhydrodynamics of the Mobile Bay-Zast Mississippl
Sound region a3z stated above. Sone of these flowé could be

important with respect to mass transport modeling (i.2.

salinity or dissclved oxygen).

Deptns
The da<tum of %he nautical chart was the Ful? Coast
Tow Watar Datum (LWD) which was esitablished in 1880 as an

average of 60 consecutive low-waler readings according To

MacPhearson (32), Pigure 10. The datum of the Tide Tables
(%1) was Mean Low Water (MLW). The datum of the field data
used in this study was Mean Sea Level (MSL). In applying
the model, the depth of each cell was corrected to MSL <o

correspond to the field davta.
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Depths were assigned to each water zell as delineazled
by the land boundary. The depth of each cell was
determined as a weighted average of the charted despius
witnin tnat cell. Due to the slowly varying votiom deptn
over lLarge portions of the Bay, most of the depths assigned
to she grid cells reflected the actual dathymetry of the
Bay. This 4id not hold for the grid cells in which <he
ship channel was located. The ship channel is 400 £% wide,
and therefore much smaller than the minimum grid dimension
of 1667 £t. 5 40 £t depth is deeper then the average 10
£+ depih of the Bay. Depths for thess cells were assigned

by a careful weighted average.

Flood cells

_ Land cells with an elevation of less than 0.5 It were
zpecified to be subject to fiooding. Such a cell would
1004 if the water elevation of an adjacent water cell
vecame 0.3 £+ higher than the land-cell elevation. Various
cells along the water-land boundary and in the Mobile River

delsa were subject to flooding.

Manning friction factors

Manning's o values for boilom roughness were agsigned
on a relative bagsis according to the bottom type specified
vy the nautical chart (18). The Manning coefficients
ranged from 0.10 in Bon Secour 3ay 0 0.35 in the river-

marsh area of the Mcbile River delta.
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Pass flow calculations

WIFPM II had the capability of calculating the flow
acroge any cell face specified. This feature was utilized
to caleulate the flows through Main Pass and Pass aux
Herons as shown in Pigures 8-9. The results of the

calculation were used in the calibration and verification
of the model and in the evaluation of the parametric studies

below.

Field Data for Calibration/Verification

Description of field data

Two sets of +tidal elevation and current velocity data
were used for calibrating and verifying the model. These
data were obtained from the U.S. Army Corps of Engineers,
Mobile, Alabama {33). The data were originally used for
the calibration and verification of the physical model of
Mcbile Bay located at the Waterways Experiment Station,
U.S. Army Corps of Engineers, Vicksburg, Missigsippi (26).
An additional %tide elevation record from Hill (11) that was
not included with the Corps of Engineers data was also used.

The data were collected over two 25 hr time periods.
The first period was from 1200 CST May 15, 1972 to 1300 CST
May 16, 1972. The second data set was collected from 0900
CSf June 13, 1973 to 1000 CST June 14, 1973. The locatiouns
of some of the tide-elevation and current-velocity stations

vary between the two data sets. The average flow rates



(cfs) during these twc time periods for tae Mobile and
Tensaw Rivers were included in the data. The 1972 data also
included “low-rate calculations for Main Pass and Pass aux
derons over the data collection period.

The tide-elevation daita consisted of a comtinuous
paper-tape record of elevation (£t) over time (hrs). A
correction factor was supplied by the Corps of Engineers
witn each elevation record to correct the data to She MSL
datum. The current-velocity data consisted of readings of
the curreni-velocity magnitude and compass direction a%
hourly intervals over the 25 nr collection periods. For the
velocity stations located in the deep watler of the ship
channel or East Main pass, these measurements were made at
grajuated depth intervals from the surface to the botiom.
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For comparison to the model, the tide elevations at
each gage were read from the tape at nourly intervals
corresponding to the times of the velocity data. In moss
cases the elevation could be read to £0.20 It at any given
wour. At Stations where the current velocity and direction
vere measured at depth intervals, the velocity magnitude
and direction were taken as the average of these
measursuents.

The iocaticns of the tide gages and velocity stations

an *he model grid were desiznated as a grid cell as close
S &
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as possidle to the actual locasion. The +tide elevaiion for
sach gage was the elevaticn of the designated grid cell as
salculated by the model. The velocity magnitude and
direction of cach station were determined by a four-point
average of the velocity vectors al the designated cell,

Figure 11.

The flow-rate calculations from WIFM II mentioned
ahove were given in total flow (cu f£t) at any gpecified
time interval. The data were divided by the chosen time
interval of 1830 sec (0.5 ar) %o obtain flow rates {cfs)
for comparison to the discharge-rate data from 1972 and for

evaluation of the parametric studies below.

Calibration/Verification

Jagse study of f£ield data
from May 15 and 19, 1972

As stated above, tide-elevation, current-velocity,
and pass flow-rate data were available Jor the 25 nr period
starting 1200 CST May 15, 1972. Nctes on +the raw velocit
data indicated the presence of a variable wind of 5-20 k.
The ac<ual locations of each gage station are shown in
Pigure 12. The medel representation of these gage
positions is shown in Pigure 13.

A constant, %4otal river flow of 63,500 cfs was uged.

£ tnig amoun%, 33,270 cZ3 was introduced into the Mebile

-

r and 30,230 cfs into the Tensaw River as suggested DY

WO
|-

v

w

Lawing et al.
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Figure 11. Velocilty Calculation foér Field Data Station

a+ Grid Cell (N,M)--Four-Pocint Average.



Figure 12. Location of Field Data
for May 15-'%

B-12 = Buoy 'z

Dauphin Island = Dsuphirn Igsland Sulf
E-1 = West ¥Main Pass

E-3 = Bazt Main Pass
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The +idal boundary condition at the Gulf of Mexico
was specified as thne tide record at the Dauphin Island Gulf
station obtained from Hill {(11). The tide record at Cedar
Point was used as the tidal boundary condition for Fasz
Mississippi Sound.

In contrast to Hill, a correlation equation for these
tides was not necessary as input to the mcdel. The
explicit solution format of Hill's model needed an equation
approximating a tidal cycle for this data, because the
model had to run for several tidal cycles in order to
produce 2 stable solution. Inspection of the tide data for
Dauphin Island Gulf showed that over a period of days the
tide range changed and was not strictly cyclic. This
change in tide range over time is typical of the diurnal
tide present in much of the Gulf of Mexico.

For WIPM II the actual tide elevations, rather than
values from a correlation eguation, were read directly from
the tide records and applied to the model as boundary
conditions. The record at Dauphin Island Gulf was
subsequently backed off to the seaward boundary by the
model according to the free-graviiy-wave speed. The initial
flow condition was set at no flow. The initial elevation
was set as the average of the starting elevations at
Dauphin Island Gulf and Cedar Point.

"he model was run with a time step of 180 seconds

over a period of 34 prototype hrs. The run spanned a time
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period of 9 hrs before, and continued %o the end, of the 25
nr field-da%ta collection period. The tide record from
Cedar Point lacked data for the 9 hrs previous to the
field-data period. Extrapolated values were used in this
case. A lead time of up to 8 hrs (see below) for the model
run was necessary for the model calculations of e2levation
and velocity to stabilize.

A time step of 9C sec was implemented %o determine
the acceptability of a 180 sec time siep. No significant
change in velocity or elevation was discovered. A lead
time of 23 nrs was alsc tried with no effect on the model
results for the 25 hr data period. HNo study was done To
determine the meximum allowable time step or minimum lead
time necessary for a good solution.

Results ¢f case study of
Fay 15 and 1b, 191<

The comparison of model results with the field datsa

is presented in Figures 14-19.

Tide elevation

Dauphin Island Gulf, Dauphin Island Marine Lab, and
Cedar Point tide gages showed excellent agreement of model
results and field data both in phase of the tide and in
magnitude. The State Docks, Bon Secour, and Point Clear
stations also gave reasonable agreement between model

results and field deta. The phases of these gage locations
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did no%t match as well as %the other gages, but were
sonsidered to follow the trend of these tide records well.
A possible explanation was the relatively large gize of the
grid cells in these areas. The larger cell size caused the
locations of these gage points to be more crude than the
others. TFowl River gage results were suspect in terms of
phase agreement. Further study {pelow) revealed problems
with the field data that could have caused this result.

Velocity magnitude
and direction

Both the Bast Main Pass and the Buoy 12 stations
showed good agreement with the velocity $rends in both
magnitude and direction. West Main Pass model output
agreed well with respect to velocity magnitude. However,
the model time for the reversal of velocity direction (hrs
12-14) caused by the tide change was 2 hrs early compared %o

the field data.

Pass flow rates

The pass flow-rate records could not be reproduced
acceptably for the 1972 field data. The calculated flows
in the Main Pass followed the general trend of the field
data. The time of the tide change was 2 hrs early relative
to thé field data, as was also noted above for the West
Main Pass results. The flows in Pass aux Herons could not

be reproduced at all for this data.



63

Many changes in model parameters were implemented in
attempts to improve the flow-rate results. The parameters
that were varied included Manning coefficients, cell
depths, and the number and position of flood cells. Ko
improvement was obtainable. The 13973 data set was then
analyzed using the same model parameters (depths,
boundaries, esc.) as for the 1972 data set.

Case study of field data
Trom June 15 and 14, 1973

The field data were collected over the 25 hr period
“rom 0900 CST June 1% through 1000 CST June 14, 1873.
Notes on the raw velocity—-data sheets indicated low wind
conditions. The data consisted of tide-elevation end
velocity statiocns only. No pass flow-rate calculations
were availabla. The locations of the gages are shown in
Figure 20 with the grid locations following in Pigure 21.

A constant total river flow of 116,000 cfs was used
as in Lawing (26). The flow was divided equally between
the Mobile and Tensaw Rivers.

A tide-—elevation record for Dauphin Island Gulf was
not available in the 1973 field data for the gpecification
of the Gulf of Mexico boundary condition. The only
slternative for setting any reasonable boundary condition
at thne Gulf was the use of the predicted or astronomical

tide for tnis time period. The Tide Tables (%31) provided

the predictions of the elevations and times of the high and



h

Figure 20.

Tocation of Field Data Stations
for June 13-14, 1973 (26).

B-12 Buoy 12

B=-32 Buoy 32

E-3 = Bast Main Pass

3-12 = Dauphin Island Bridge
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low tides at the MIW datum. 3By interpolation of the tide
slevations oveiwesn “hese times, an approximation ¢ she

radinted =ide elevation as =z function time was obtained.

e |

3

he data were obtained for June 13 and 14, 1973 a3 Bayou La

o

Basre, Alabama and Dauphin Island (For% Gaines), Figure 1.
™hese tide-zlavation curves were corrected Io MSL and used
as the boundary conditions for Zast Mississippi Sound and
the Gulf of Mexico, respectively.

A1l other model inputs were the same as that Zor 1972
with one sxception. The model run was begun at 3 nhrs

ollection period and continued %o 1 hr

o
1)
b
O
rt
1]
ol
e
[11]
fu
o)
cr
s
(3

afterward. As 3tated above, runs Dbeginning 2% hrs prior 1o
the data collection period produced nc significant cnanges

in tide elevation or velocity.

case study of
1

2, 1903

b
F
[+
(ot
[» 9

The comparison of the model resulis with the

data is presented in Pigures 22-26.

Considering tne approximate nature of %the tidal
boundary conditions, the model tide =2levations were
considered to be good in terms of reproducing the trends of
the tidal da%a. The Cedar Pcint gage results showed
excellent agreement #ith the ?ield data, both in magnitude

and in prase. All the other tidal gage stations in Mobile
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Bay proper were somewhat out of phase. In studying the

|

effacts of the model input parameters on She results
calculased from “he model, it was observed fthat tne
variation of the Gulf boundary condition produced The
strongest effect upon the salculated values of the
elevation. Re—evaluation of the 1972 field data (below)
1ed %o the assumpiion that a Gulf boundary based on
reliasble field da%ta could improve results.
Velocity magnitude
and direction

A1l the current-velocity results from tae model run
reprcduced the trsnd of the fizld data. Parsicularly
important was the excellens comparison of the field data
witn the results of the Daupnin Island Bridge velocity
station. The model reproduced both the magnitude and the
direcsion of the field data well.

™ne calculations for Fast Main Pasg agreed well with

ot

he fi214 da%ta, considering the approximate nature of the
gulf boundary condition. The magnitudse and phase at this
station were greatly dependent on this boundary condition.
The model velocity stations at Buoy 12, Buoy 13, and
the State Docks also reproduced the trends of the field
data well. These stations were all located in the ship
channel., It is well documented in MacPhearson (32}, Eiil
{11), and osthers +tnet some siratification of the water

column sccurs in the channel, with fresh water from the
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rivers lying on top of the more saline water from the

Gulf. The stratification causes a variation in velocity at
different depths which was noticed in the evaluation of the
field data. During tide changes, water near the surface in
some cases flows in one direction, while water near the
bottom flows in the other. Recognizing that depth-averaged
values of the velocity magnitude and direction were used at
these stations, it was apparent that the actual magnitudes
and directions of the current could not be reproduced by
the two-dimensional model. This was especially true at the
change of the tide and during the incoming tide (hrs
13-25). 1In addition, the grid size of the model at the
State Docks did not permit an accurate depiction of the
arez. This accounted for the discrepancy in the current
direction noticed between the model and the field data.

Re-evaluation of the
1972 case study

The good results obtained in the case gtudy of the
1973 data s=t led to the re-evaluation of the 1972 data.
Upon referring to Hill (11} and Lawing {(26), 1t was noted
that difficulty was experienced in reproducing the field
data from 1972. Lawing (26), in fact, stated that the 1973
field-data survey was motivated by this difficulty.

Figure 27A compares the tide record at Cedar Point

with the astronomical tide for Bayou La Batre from the Tide
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Tables (31). Figure 27B compares the record of Dauphin
Tsland Gulf with the astronomical tide for Dauphin Island
(Fort Gaines). The phase of the Dauphin Island Gulf gage
was 2 nrs behind that predicted by the astronomical-tide
data. The large discrepancy suggested the possibility that
the time zxis of the Dauphin Island Gulf gage could be
inaceurate. It was also recognized that the strong,
variable winds indica%ted on the velocity field-data sheets
could alter the tidal elevations significantly from what

they would be under calm conditions. See Tide Tables (31).

Model runs were then executed using the 1972 data to
test the plausibility of an inaccurate gage 2t Dauphin
Tgland Gulf. The first run used the astronomical tides at
Bayou La Batre and Dauphin Island (Fort Gaines) as the
tidal boundary conditions. The second used the tide records
as tidal boundary conditions. The Dauphin Island Gulf gage
was delayed 2 hrs to come closer to the relation of the
tidal phases as shown in the astronomical tides.

Results of model run using

astronomical tides from
May 15 and 16, 197<

The comparison of model results with the field data

is shown in Figures 28-33.

Tide elevation

In all cases, the model tide elevations did not agree

well wi<h the tide elevations from the field data. The
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difference in tidal height and range between the
astronomical tide and tide records caused this discrepancy.

Velocity magnitude
and direction

The velocity stations at Buoy 12 and West Main Pass
showed improvement in terms of both magnitude and direction
over the previous model run. At West Main Pass, %he
reproduction of the time of the tide change (hrg 13-15) was
better. Similar improvement was noted for Buoy 12 at ars
14-16. The East Main Pass station did not improve for this
run. The trends of the velocities were reproduced within
the uncertainty caused by the stratification of the deep

water (see above).

Pass flow rates

Significant improvement in the magnitude and phase of
the flow-rate curves produced by the model was noted for
both Main Pass and Pass aux Herons. While the actual flow-
rate curve at Pass aux Herons was not well reproduced, the

trend of the incoming and outgoing flow rates was much

better.

Results of model run using
Dauphin Island Gull gage
Trom May 15 and 16, 1972
delayed < nrs

The comparison of model results with the field data

is shown in Figures 34-39.
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Tide elevation

The tide elevations calculated by the model for
Dauphin Island Marine Lab and Cedar Point reproduced the
field data well in this run. The Point Clear and Fowl
River gages showed improvement over the first model run,
the results of which were discussed previously. The
remaining tide gages showed a shift in phase corresponding
to the 2 hr phase ghift of the Dauphin Island Gulf tidal
boundary condition.

Velocity magnitude
and direction

All the velocity stations showed a shift in the time
of the change in current direction effected by the tide
change. Thoﬁgh no real improvement relative to the first
model run was realized, the trends of the velocity

magnitudes and directions were close %o that of the field

data.

Pass flow rates

‘The Main Pass flow-rate curve for this run
represented the best correlation between model resulis and
field data. The Pass aux Herons flow-rate curve again
showed an improvement in the pattern of the outgoing and
incoming flows, but did not reproduce the magnitude of the

gurve well.
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Coneclusion of
calioration/verification study

Good comparisons between the model results and field
data were obtained from the case study of the 1973 data.
This occurred in spite of the fact that no field data were
available for the specification of the Gulf of Mexico
boundary condition. The predicted tides for Dauphin Island
(Fort Gaines) and Bayou La Batre, Alabama were used as
boundary conditions instead.

Difficulty was encountered in reproducing the field
data in the 1972 case study, especially with regard to pass
flow rates. The positive results from the 1973 case study
and the difficulty of other researchers (10,26) in modeling
the 1972 data motivated the re-evaluation of the 1972
data. Comparison of the predicted tide at Dauphin Island
{Port Gaines) and Bayou La Batre with the tide records at
Dauphin Island Gulf and Cedar Point showed a significant
difference in the relative phases of these tides. Model
runs using the astronomical tide and the Dauphin Island
Gulf gage with 2 2 nhr delay were made. These runs showed
improved results in terms of pass flow rates and velocity
correlations. The improvement suggested that the tide
gages were either incorrect or influenced by strong,
variable winds. TLack of suitable wind data prevented the

investigation of the wind effect.
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Before the model can be evaluated on a quantitative
bagia, improved field-data studies are egsential. The
field data should include accurate tide records for the
gpecification of boundary conditions. The data shguld be
collected at low wind conditions if possible. In the even?t
of windy conditions, accurate wind records for each tide or
velocity station should be kept to provide the input for 2
variable wind field to the model.

On the basis of the above 3tudy, 1T was concluded
that the present version of the WIFM II model cculd be
successfully used to elucidate the relative trend effects,
but not the quantitative effects of changing inputs to
Mobile Bay-Bast Mississippi Sound. These inputs include
river flow, wind, and tide range. The exceptionally good
results obtained in the Pass aux Herons area for the 1973
data supported the use of this model %o gtudy the ftrends of

the water transport in the area.



CHAPTER V
PARAMETRIC STUDY

Tide Range, River Plow, and Wind

The model was exercised & times to investigate the
effects of tide range, river flow, and wind on the flows in
the passes, Table !. The tide ranges were chogen from %the

Tide Tables (31) predictions for 1973. Plots of the tide

elevations used as boundary conditions are shown in Figure
40. Tow, intermediate, and high tide ranges were chosen.
The tide elevations were plotted so that the times of the
high and low tides for each tide range would nearly
coincide %o facilitate evaluation of the results. The
river flows were chosen to correspond to the 90 percentile,
average, and 10 percentile (low, medium, and high,
respectively) river flows as repcrted by Schroeder (15) .
The wind condition was chosen to correspond‘to the average
wind direction as reported by Hill (11). The initial run
was made using the medium %tide range and river flow with no

wind. All subsequent runs were compared to %the initial run.

Effects on Flows through Passes

The total incoming and outgoing flows through Pass

aux Herons and Main Pass for each model run are shown in

93
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Table 2. The model calculated the total flows from a
material balance involving the area under the flow-rate
curves, Figures 41-43, for hrs 8-33.

Compariscn of runs 2 and 3 with run ! showed the
effect of river flow in determining the amount of water
which passed into and out of the Bay over a tidal period.
At low river flow, run 2, more water flowed into the Bay on
£1o0d tide %than for the medium river flow, T™un 1. Less
water flowed out of the Bay. The reverse eifect was
obtained for the high river flow, run %. The high river
flow was a 143% change from thne medium river flow while the
1ow river flow was a T79% change. The greater effect of the
high river flow on the passes was attributed to this fact.

Runs 4 and 5 illustrated the large effect of tide
range on the model results. In run 4 it was noted that the
tide flowed into the Bay through Pass aux Herons over the
entire run. In Figure 40A it was observed that the tide
elevation at Bayou La Batre was higher than for Dauphin
Ialand at all times. The elevation difference caused the
water to flow from East Mississippi Sound to Mobile Bay.

In the Alabama Gulf Coast area, an approximately menthly
interval of nearly constant tide elevation, lasting up to
A8 hrs, was noted (31). The tide range for run 4 was at
the end of one of these intervals, as the tide was
returning to the generally observed diurnal pericd. Xo

field data were found to compare with these results.
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The effect of a constant 15 k wind from the southwest
(225°) was shown in run 6. The direction and speed were
chosen to correspond to the average direction and
intermediate wind speed as used by Hill (11). A marked
shift in the flow-rate curve, Figure 41, for Pass aux
Herons was noticed. The large influence of wind on the
shallow water in the pass and in East Mississippi Sound
caused the water to be pushed from East Mississippi Scund
4o Mobile Bay. The wind delayed the change from outgoing
flow to incoming Zlow at hrs 21-23 for Main Pagss. The
delay reduced the incoming flow and increased the outgoing
flow. More field data must be obtained to determine how
well the model reproduces wind effects in the Mobile

Bay-Bast Mississippl Sound area.

Effecta on Current Velocities in the Pasgses

Figures 44-47 show vector plots for the entire Bay
from run |1 at ebb, low, Tlood, and high tides. Comparing
the time of the vector plot with Figure 41 shows the state
of the tide at the corresponding time. The maximum currant
speed and the cell at which it occurred were given. The
alternate flooding (hrs 14 and 34) and drying (hrs 22 and
28) of the Mobile River delta is shown in Figures 44-47.
The high velocities at some of the inundated land c¢ells in
the upper Bay at hr 14 were caused by the small water

elevations at these flood cells. The depth-averaged modsl
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golved the two-dimensional equasions of change in terms of
flow per unit width (ftZ/sec). The velocities were

obtained by dividing the flow per unit width by the water
depth at each cell. As a f1locd cell began to dry, the waser
depth at the cell became very small. Division of the flow
per unit width by this small water depth resulted in a nigh
velocity for the cell.

In Pigures 48-51 the velocity vector plots werse
ccmpared to the flow-rate vector plots for both passes at
correaponding times from run {, Prom this comparison, i%
was observed that while the velocities in the two passes
were comparabls, significantly more flow occurred in the
Main Pass. The greatest flows were noted in the deep
waters of the Main Channel. It should be noted that tne
flow-rate plot for Pass aux Herons at ar 22 was scaled
larger than the others by a facvor of 4. Since the same
relationship of velocity to flow rate held for each modsi
run, only %he velocity plots were included for runs 2-6.
See Pigures 52-61.

Little change relative %o run ! in the velccities for
Pass aux Herons was noted for run 2 at ebd and flood side
(hrs 14 and 28, respectively) in Pigures 52-53. Main Pass
showed a 4.2% decrease in maximum velocity on ebdb tide znd
s S5.4% increase on Tlocd tide. The current directions 3id
not change significantly. The low-5ide and aigh-%tide plows

(nrs 22 and 34) showed dacreased ousflow and increased
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inflow at doth passes. These trends reflected the
decreased momentum of the water from the upper Bay due to a
smaller river flow.

The outgoing velocities for run 3 in Pass aux Herons
(hr 14) were not affected by the increased river flow
relative to run t, Pigures 54-55. However, the velocities
at flood tide showed an 8.3% decrease from run 1 due to the
action of the high river impeding the incoming tide. Main
Pass showed an 8.5% increase and a 12.1% decrease in ebd
and Plood maximum velocities, respectively. At low tide,
the high river flow caused the velocities in Pagss aux Herons
to gtill be predominantly outgoing in contrast %o run 1.

At high tide, cell [11,31] reflected flooding caused by the
excess water from the river. The abnormally high velocity
was caused by the small water elevation at this floed cell
as explained above. The high-tide and low-tide plots of
Main Pass followed the same trend of increased outflow from
the Bay.

The effect of the low tide range and elevation
difference between Bayou La Batre and Dauphin Island,
Figure 40, was elucidated in Pigures 56-57 for run 4. Ais
noted in the total-flow calculations (Table 2), water
‘continually flowed into Mobile Bay from East Mississippi
Sound. Significantly decreased velocities in Main Pass for
all plots were observed due to the small tide range of 0.5

f+ which was used for the Gulf of Mexico boundary condition.
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Large increases in ebb-tide and flood-tide velocities
for run 95, Pigures 58-59, were observed in both passes.

The greatest increase in maximum velocity was found %o be
46.9% for the flood tide (hr 28) in Main Pass. The
velocities in Pass aux Herons at low tide were directed
more strongly into Mobile Bay than for run t and showed a
64.6% increase in maximum velocity. The high-tide
velocities in Pass aux Herons changed little, except for
the occurrence of flooding at cell [11,31]. The velocities
in West Main Pass at low and high tides were similar. A
gignificant increase in velocities in Eagt Main Pass was
obgerved.

The 15 k southwest wind of run 6, Figures 60-61,
caused large decreases in outgoing velocities and large
increases in incoming velocities in Pass aux Herons as
noted in the total fiow calculations above. This effect
was due to the momentum of the wind being transferred %o
the shallow water of Pass aux Herons. The prevailing
direction of the current was opposed to the wind on ebb
tide and concurrent with the wind on flood tide. The wind
did not significantly alter the maximum velocities for ebb
and flood tides. The direction of the current was affected
to a greater degree. At flood tide, the velocities in West
Main Pass were deflected eastward. At ebb tide, they were
deflected in a southerly direction. In Pass aux Herons,

the action of the wind pushing water into the Bay from the
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Sound was again observed at both low and high tides. The
gtrong effect of the wind on the relatively shallow water
of West Main Pass was also noted. The wind had much less

effect on the deeper East Main Pass.
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Pigure 52.

Velocity Vector Plots—-Run 2
(Medium Tide Range, Low River,
Ebb Tide-—A. Pass aux Herons
Flood Tide-—C. Pass aux Herons

No Wind)
B. Main Pass
D. Main Pass
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Pigure 53.

Velocity Vector Plots-—--Run 2

(Medium Tide Range, Low River, No Wind)

Low Tide--A. Pass aux Herons
High Tide--C. Pass aux Herons

B. Main Pass
D. Main Pass
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FPigure 54.

Velocity Vector Plots-—-Run 3
(Medium Tide Range, High River,

Tbb Tide—--A. Pags aux Herons B.

Tlood Tide—-C. Pass aux Herons

No Wind)
Main Pasasg
D. Main Pass
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Pigure 55. Veloeclty Vector Plots=—Run 3
(Medium Tide Range, High River, No Wind)
Tow Tide——A. Pass aux Herons 3B. Main Pass
High Tide--C. Pass aux Herons D. Main Pass



122

- - -~ - !/. AT / — — L3 L] . . . . - - Fl ’ ) - \ f #
N v _—. N . .\\/_\\f;
- / . J. / ﬂ 1 . L B . - P ﬁ \\!
s s _...., I -
L \ \ * i, v ./ DU '
I SR A P —d Iy
e LSS _ dtifa
- - — - - L N \ \ \
— \\\\\ A A t 1V
- R T \ R, - - . . i S
P s \\\ — ’ v . P A | ﬂ.—.n\ s
P BN \ TR IR SR P
P N SRV | — l.nxl—r . — . N BT I T
I A P I B | . . - - . T I T N
’ IR B I I | " - ||— . . [T N T
D209%9F X 279391 - Kkt Wl -- (1) 3218 14T 7sva 279931 K B2U9991  -- A K B -~ (13 AZNS 14D 50
pIz" = IWIS v ‘€2 = (MO S0°Z = aSddd KON | gear o pms 9k PET = GHIIVID 02T = S 4N
%881 = ¢13%) 4313 I B0°FL  « (D) 1Y 4TI ALIDOTIN | gegay o (335) 4318 WL 0022 = <>l IV JIMI AWK
. . . L - - - - . - —. e ey e . . . -
. . . .l |O\\\| el - - - - * - - B T - - - - -
. . . D o P - - . ¥ - . - B I - - . . .
. - F B R T - - - - L] . . N P . - . . .
. . + o W e e s e o - - - i . - B S a e s e e s . . - - .
. ' ¢ s /7 \._\ul.ﬂuv-o i - - : [ R L - - R
- 1
. » i 2 27 —-I..allclv . e - - ] ' P L L . . e o - - -
’ *» T R B B —. - — i - - ' * - PP PP — ' . .
L] r h \ “ \ - -— - - = . . . - - L] r - -— . - -
’ ’ » /o . . . ' . . . g . . .
6209930 X 62U - W K el -- cddy 3285 0149 216l 2°999] X 0A*5930 SOWEE U - vhdr 3713 414D M)
vLET = AR YU = GHCNPNIEY 2S°9 = oS40 BMn ] 062° w FIu3S MEOCEl w3 E9° . w3t HHQ
0 051 = I35 421 3L OB FE = Bl BV QW14 M0 Jer0Rl = €338) 4355 0L POTZT e cdurd IV VEEE L4010




123

Figure 56. Vslocity Vector Plots—-Run 4
(Low Tide Range, Medium River, No Wind)
Ebb Tide--A. Pass aux Herons B. Main Pass
Tlood Tide--C. Pass aux Herons D. Main Pass
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Figure 57. Velocity Vector Plots--Run 4

(Low Tide Range, Medium River, No Wind)

Low Tide—-—A. Pass aux Herons
High Tide—--C. Pass aux Herons

B. Main Pass
. Main Pass
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Pigure 58. Velocity Vector Plots—-Run 5
(High Tide Range, Medium River, No Wind)
Ebb Tide~-A. Pass aux Herons B. Main Pass
Plood Tide--C. Pass aux Herons D. Main Pass
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Figure 61.

Velocity Vector Plots—--Run 6

(Medium Tide Range, Medium River,

15 k¥ Wind from Southwest )
Low Tide—--A. Pass aux Herons
High Tide--C. Pass aux Herons

B, Main Pass
D. Main Pass
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Chapters IV and V presented the results of the
application cf a recently developed, implicit,
finite—difference numerical model, WIFM II, to Mobile
Bay-BEast Mississippi Sound. The specific interest was the
investigation of the interacting hydrodynamies in Pass aux
Herons and Main Pass under a variety of input conditions.
The water transport in the passes was studied because of
its importance %o <tThe environment of the area.

The modeling effort was undertaken to expand the
existing modeling capabilities in Mobile Bay to include the
Tast Mississippi Socund. The existing Mobile Bay models
weTe unsuitable for the detailed study of the small areas
of Pass aux Jerons and Main Pass. WIFM II had features,
including variable grid size and implicit solution format,

which made it applicable to pass-exchange study.

Concluding Observations

The results of the Calibration/Verification section
showed the model to be applicable to the study of the
relative trends of the water transport in the passes. The

response of *%he trend bdehavior of the water transport to
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changing input parameters was investigated. The
quantitative effscts of the input conditions could not be
agsessed because of the uncertainty and incompleteness of
the field data.

The input parameters studied were tide range, river
flow from the Mobile River system, and a constant wind
field. Comparisons of the pass flow ratles and pass
velocity wrofiles were made for 3 tide ranges, 3 river
flows, and 1 wind condition. The largest effects on the
pass hydrodynamics were caused by the variation of the tide
range. A aigh tide range caused significantly more water
to flow into and out of the Bay, while a low tide range nad
the reverse effect. The river flow affected the amount ot
water entering the Bay through each pass over the tidal
period. High river flows restricted the incoming flows
through the passes. The 15 k wind from the southwest had a
gtrong effect on the shallow water of Pass aux Herona and
West Main Pass. The momentum of the wind increased the
flow into the Bay through Pass aux Herons due to the
coinciding wind and prevailing current directions. The
direction of the current in Main Pass was altered by the
wind fisld. The investigation of thne constant wind field
was included to provide a basis for further study of
variable wind fields. Such a study was not made here due

to the lack of field data.
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Recommendations for Further Study

The limiting factor in this study was the gquantizy
and guality of the available field data. In order %o
further evaluate the applicability of this or other wodels
to pass-exchange study, better field data are necessary.

The data gsheould include:

1. Accurate tide records at the Gulf of Mexico side of
Dauphin Island under low wind conditions for the
specification of the Gulf of Mexico tidal boundary

2. Apccurate tide records at the east end of Petit Bois
Island under low wind conditions to provide boundary
conditions permi‘tting the westward extension of the
model limits to include all of Bast Mississippl Sound

%7, In the event of a significant wind field during data
collection, accurate wind records should be kept at
each data station to provide the input for a variable
wind field %o the model

A. Tor calivration and verification of the model, some
velocity stations should be located outside the ship
channels, as these channels are difficult %o represent

with a two-dimensional model

Inplementation of the field-data collection studies
described above will provide the basis for developing this
model, as well as the other Mobile Bay models, from a trend

analysis tool to = iruly predictive model. The integration
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5f the Mobile Bay-East Migsissippi Sound model with models
of the rest of the estuarine system 0f the Gulf Coast,
supported by adequaste field data, would provide an

invaluable tool for the management of this important system.
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APPENDICES

A. Sample Input Data to WIFM II
B. Sample OQutput from WIFM II

Tor detailed program documentation see Butler (17).
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Semple Output from WIFM II
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THE UNIVERSITY OF ALABAMA
COLLEGE OF ENGINEERING

The College of Engineering at The University of Alabama has an undergraduate enroll-
ment of more than 1,800 students and a graduate enroliment exceeding 100. There are
approximately 100 faculty members, a significant number of whom conduct research in
addition to teaching.

Research is an integral part of the educational program, and research interests of the
faculty parallel academic specialities. A wide variety of projects are included in the over-
all research effort of the college, and these projects form a solid base for the graduate
program which offers twelve different master's and five different doctor of philosophy
degrees.

Other organizations on the University campus that contribute to particular research
needs of the College of Engineering are the Charles L. Seebeck Com puter Center, Geologi-
cal Survey of Alabama, Marine Environmental Sciences Consortium, Mineral Resources
Institute—State Mine Experiment Station, Mineral Resources Research Institute, Natural
Resources Center, School of Mines and Energy Development, Tuscaloosa Metallurgy
Research Center of the U. S. Bureau of Mines, and the Research Grants Committee.

This University community provides opportunities for interdisciplinary work in pursuit
of the basic goals of teaching, research, and public service.
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